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Genetics, University of Maryland, College Park, MarylandABSTRACT Secondary or tertiary structure in an mRNA, such as a pseudoknot, can create a physical barrier that requires the
ribosome to generate additional force to translocate. The presence of such a barrier can dramatically increase the probability
that the ribosome will shift into an alternate reading frame, in which a different set of codons is recognized. The detailed biophys-
ical mechanism by which frameshifting is induced remains unknown. Here we employ optical trapping techniques to investigate
the structure of a 1 programmed ribosomal frameshift (1 PRF) sequence element located in the CCR5 mRNA, which en-
codes a coreceptor for HIV-1 and is, to our knowledge, the first known human 1 PRF signal of nonviral origin. We begin by
presenting a set of computationally predicted structures that include pseudoknots. We then employ what we believe to be
new analytical techniques for measuring the effective free energy landscapes of biomolecules. We find that the1 PRF element
manifests several distinct unfolding pathways when subject to end-to-end force, one of which is consistent with a proposed pseu-
doknot conformation, and another of which we have identified as a folding intermediate. The dynamic ensemble of conforma-
tions that CCR5 mRNA exhibits in the single-molecule experiments may be a significant feature of the frameshifting mechanism.INTRODUCTIONThe ribosome translates each three-base codon of
messenger RNA (mRNA) into an amino acid, which is
added to the nascent protein chain (1,2). A 1 programmed
ribosomal frameshift (1 PRF) occurs during translation
when the ribosome slips backward by one nucleotide and
recognizes a different set of codons. Whereas kinetic
modeling describes the likelihood of ribosome slippage at
each of the discrete steps of the elongation cycle (3), the pre-
cise physical mechanisms of frameshifting are not well un-
derstood. However, pseudoknot structures located ~6–8
nucleotides downstream of a slippery site (4–6) have been
found to promote efficient 1 PRF (3,7–12). Pseudoknots
occur when a nucleotide sequence forms two or more
stem-loop structures that are not well nested (5); for exam-
ples, see Fig. 1 or Fig. 2 a, where the loop of one stem is
incorporated into a second stem. Fig. 1 also defines a typical
1 PRF signal and depicts the ribosome’s reading frame
(green) before and after a 1 PRF.
Programmed1 ribosomal frameshifting was first studied
in the context of viruses (13–18) where a1 PRF causes the
ribosome to bypass the normal termination codon. In
contrast, the picture emerging from studies of 1 PRF in
cellular mRNAs is that frameshift signals direct elongating
ribosomes to premature termination codons, leading to
degradation of the mRNA through the nonsense-mediated
decay pathway ((19) and A. T. Belew, S. O. Sulima, A.
Meskauskas, S. Musalgaonkar, and J. D. Dinman, unpub-
lished). The chemokine receptor CCR5 is used by HIV to
infect white blood cells (21,22) and represents a primarySubmitted April 26, 2013, and accepted for publication September 4, 2013.
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0006-3495/14/01/0244/9 $2.00drug target for controlling HIV infection (23). A mutant
nonfunctional form of CCR5 confers resistance to some
strains of HIV-1 (24). Prior work shows that CCR5 mRNA
promotes ~10% frameshifting in HeLa cells, and is, to our
knowledge, the first identified human 1 PRF signal of
nonviral origin (A. T. Belew, S. O. Sulima, A. Meskauskas,
S. Musalgaonkar, and J. D. Dinman, unpublished).
The mRNA structure is the key to understanding the phys-
ical underpinnings of 1 PRF. The question of whether
disruption force correlates with 1 PRF remains unsettled.
For example, some studies using mutants of a single 1
PRF promoting mRNA pseudoknot found a correlation be-
tween disruption force and 1 PRF (10,25) whereas other
studies using mutants of different1 PRF promoting pseudo-
knots did not (26,27).A recent study using nine native pseudo-
knots also did not identify such a correlation (28). Regardless,
mechanical stability of themRNA is likely an important factor
affecting the kinetics of the translating ribosome complex
(29). Other factors such as ribosomal pausing (30), pseudo-
knot unfolding rate (27), hairpin loop structure (31), complete
blockage of translation by pseudoknots with high mechanical
stability (32), and geometric factors such as stem lengths
(33,34) are all potentially important factors in determining
how cis-acting elements affect 1 PRF efficiency.
In this study, an optical trapping assay that allows us to
measure the effective energy landscape for folding/unfold-
ing of the structure (35) was employed to probe the 1
PRF element of the CCR5 mRNA. The disruption of the
structure in the single-molecule experiments is an approxi-
mation of the process by which the ribosome disrupts the
structure as it pulls the mRNA into its active site, so the
measured unfolding energy should be indicative of the en-
ergy barrier encountered by the ribosome.http://dx.doi.org/10.1016/j.bpj.2013.09.036
FIGURE 1 A 1 programmed ribosomal frameshift (1 PRF) occurs
when the ribosome is positioned over a slippery site heptamer of form N
NNW WWH (IUPAC notation: N ¼ any base, W ¼ any three identical
weak bases (A or U),H¼A, C, or U). The ribosome translocates one nucle-
otide in the 50 direction of the mRNA, resulting in a 1 PRF. The presence
of a downstream pseudoknot can significantly increase the probability of
a 1 PRF occurring. To see this figure in color, go online.
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CCR5 mRNA constructs
Double-stranded DNA handles were generated by PCR, purified, digested
with BtgI and BstXI enzymes, respectively, and excised from a 2% agarose
gel to obtain 194 basepair and 234 basepair handles with four-base sticky
ends. These were then ligated to single-stranded DNA oligos (Invitrogen,
Gaithersburg, MD) creating overhangs of 47 bases and 81 bases, respec-
tively. The overhangs are designed to be complementary to the flankingFIGURE 2 Predicted structures for CCR5 mRNA from the Predicted
Ribosomal Frameshift Database ((44) and A. T. Belew, S. O. Sulima, A.
Meskauskas, S. Musalgaonkar, and J. D. Dinman, unpublished) (Accession
code: NM-000579) and the web server MFOLD (45). (a) Predicted pseudo-
knot structure. (b and c) Hairpin structures which correspond to the two
stems for the pseudoknot shown in panel a. (d and e) Two alternate pseudo-
knot structures. To see this figure in color, go online.sequence of the RNA pseudoknot. The ligation is performed with a 10:1 ra-
tio of overhang to handle, followed by gel purification.
The RNA was transcribed (A. T. Belew, S. O. Sulima, A. Meskauskas,
S. Musalgaonkar, and J. D. Dinman, unpublished) using an Ambion Mega-
script kit (Invitrogen). It had its DNase digested, its phenol extracted, was
passed through a Sephadex G-25 column (Sigma-Aldrich, St. Louis, MO),
and was ethanol-precipitated. The RNA has total length of 233 bases
including flanking sequences. After assembly of the structure, the 97 bases
of RNA that remain single-stranded are located immediately after the slip-
pery site heptamer UUUAAAA (Fig. 2) and have the following sequence:
50GCCAGGACGGUCACCUUUGGGGUGGUGACAAGUGUG
AUCACUUGGGUGGUGGCUGUGUUUGCGUCUCUCCCAG
GAAUCAUCUUUACCAGAUCUCAAA30
The annealing was performed in 33% formamide, 1 mM EDTA, 20 mM
Tris pH 8.0, 533 mM NaCl, 50 ng/mL mRNA, 1:300 dilution RNasin Plus
RNase Inhibitor (2500u; Promega, Madison, WI), and ~1.3 ng/mL Handle 1
and Handle 2 with overhangs. The mixture was briefly vortexed and an-
nealed: 10 min 85C, 90 min 62C, and 90 min 52C, then cooled to 4C
at 4C/min (10).
Coverslipswere scrubbedwith glass cleaner (Windex;S.C. Johnson&Son,
Racine, WI), rinsed with water, and dried with compressed air. Polyclonal
anti-digoxigenin (Roche Molecular Biochemicals, Indianapolis, IN) was
diluted to 20 mg/mL in phosphate-buffer solution (137 mM NaCl, 8.1 mM
Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl) and incubated in the chamber
for 30min.Blotting-grade blocker at 1mg/mL (Bio-Rad,Hercules,CA) in so-
dium phosphate buffer (50 mM sodium phosphate buffer pH 7.0, 50 mM
NaCl, 10mMEDTA, and 0.02%TWEEN-20) (36) was flowed into the cham-
ber for three cycles of 20min to prevent the beads from sticking to the surface.
The sample chamber was filled with 20 mL of buffer (50 mM sodium phos-
phate buffer pH 7.0, 50 mM NaCl) and 4 mL of the annealed RNA sample
with 1:250 dilution RNasin for 45min. PC03N Polystyrene beads of diameter
820 nm (Bangs Laboratories, Fishers, IN)were coatedwith streptavidin using
thePolyLinkProteinCouplingKit (Polysciences,Warrington,PA) anddiluted
to 1:10 of their original concentration in sodium phosphate buffer (50 mM
sodium phosphate buffer pH 7.0, 50 mM NaCl, 10 mM EDTA, and 0.02%
TWEEN-20) (36). The sample chamber was filled with 20 mL of diluted
bead solution with 1:200 dilution RNasin and incubated for 20 min. As
seen later in Fig. 7, Mg2þ was varied but otherwise all experiments had final
conditions of Tris-Mg buffer (20 mM Tris pH 8.0, 50 mM NaCl, 20 mM
MgCl2, 0.02% TWEEN-20) with GODCAT (37) oxygen scavenger
(721 mg/mL glucose oxidase, 144 mg/mL catalase, and 3.9 mg/mL glucose),
followed by 0.2 mm filtration then addition of 1:2000 dilution RNasin.Optical trap
The apparatus (Fig. 3) was calibrated using standard methods (38) and has
been described in de Messieres et al. (35). The sample was repeatedly
stretched by lowering the stage at ~77 nm/s and then relaxing the sample
at zero force for 7.5 s (except as seen later in Fig. 11) between each
scan. Data collected at 60 kHz were filtered to 20 kHz for analysis.Wormlike-chain theory
Wormlike-chain theory properties (39) were as follows:
Double-stranded DNA properties
Contour length 0.338 nm per base (40), stretch modulus 1205 pN, persis-
tence length 43.1 nm, 15-nm contour length added to estimate length of
attachments (41), and 436 total bases of double-stranded DNA in handles.
Hybrid DNA/RNA properties
Contour length 0.26 nm per base, persistence length 12 nm, enthalpic con-
tributions neglected (42), and 136 total bases hybrid DNA/RNA in handles.Biophysical Journal 106(1) 244–252
FIGURE 3 Experimental setup. The CCR5 mRNA molecule is annealed
to two double-stranded DNA handles (black) and attached between the
glass coverslip and the bead. Force and position are measured in the vertical
direction. To see this figure in color, go online.
246 de Messieres et al.Single-stranded mRNA properties
Contour length 0.59 nm per base, persistence length 1 nm (43), neglected
enthalpic contributions (43), and 97 total bases single-stranded mRNA
when the structure is unfolded.Theoretical mRNA structures
Using the Predicted Ribosomal Frameshift Database ((44) and A. T. Belew,
S. O. Sulima, A. Meskauskas, S. Musalgaonkar, and J. D. Dinman, unpub-
lished) and theweb server MFOLD (45), we obtained possible structures for
the CCR5 mRNA. Fig. 2 a represents a pseudoknot with two primary stems
(black and orange) which correspond to two possible hairpins (Fig. 2, b or c,
respectively). Two alternate pseudoknot conformations are also shown
(Fig. 2, d and e).RESULTS AND DISCUSSION
Disruption pathways
Example force-extension plots are shown in Fig. 4 where
four colors (blue, green, yellow, and red) identify four
distinct disruption pathways observed. In principle, these
might represent different disruption pathways of a common
structure, or disruption pathways for different initial struc-
tures. Black lines represent the wormlike chain model (39)
for the handles with and without the 97 bases of the 1
PRF element of the CCR5 mRNA released (42,43). Along-
side each force-extension curve is an extension versus time
plot for the same disruption event and a plot of the rate of
change in energy of the structure per unit extension (dE/
dx), calculated as a function of extension using methods
described in de Messieres et al. (35) and La Porta (46).
The dE/dx plot is obtained from an individual extension-
versus-time-plot and indicates the steepness of the effective
energy landscape as the structure is progressively disrupted.
The dE/dx plot allows us to distinguish pathways that
generate similar disruption forces, but at different points
along the disruption pathway. This additional informationBiophysical Journal 106(1) 244–252is potentially important because the pseudoknot is most
likely to trigger a frameshift when the ribosome’s active
site is aligned with the slippery site (5). Individual dE/dx
curves corresponding to each trace (colors) are overlaid on
a log density plot (grayscale) showing all dE/dx data taken
for the CCR5 mRNA under the same conditions. Each trace
is identified with a color type, determined by the specific re-
gions of the dE/dx graph that the trace visits (Fig. 5).Limitations and alternate methods
Our method (35,46) for calculating dE/dx works by
measuring the fluctuations of the structure as it is held under
harmonic constraint. It is based on the assumption that pro-
gression along the reaction coordinate can be modeled as
Brownian motion over an effective energy landscape and
that over small time intervals the system is in quasiequili-
brium. The method can be used to reconstruct the complete
energy landscape in cases where there are no irreversible
transitions or instances where the rate at which the transition
progresses exceeds the time resolution of the apparatus. The
complete energy landscape can therefore be established for
the red pathway (Fig. 4 d). However, the 1 PRF element is
sometimes observed to make large irreversible transitions
(in the blue, green, and yellow conformations, Fig. 4, a–
c), where the system appears to occupy distinct quasi-equi-
librium states before and after a large irreversible transition.
This could indicate that the system has traversed a large bar-
rier in the energy landscape, or that it has jumped to a new
branch of the energy surface. In such cases, dE/dx appears to
be well defined for subdomains of the reaction pathway,
with gaps where little or no data are collected and in which
dE/dx cannot be determined. Although gaps in the measured
energy landscape make it impossible to determine the en-
ergy difference between the initial and final state, the dE/
dx plot provides an unambiguous fingerprint for each event,
and gives the shape of the energy surface in those regions of
the reaction pathway that are statistically well converged.
Alternative approaches such as dynamic force spectroscopy
(47,48), the Jarzynski equality (49), Crooks fluctuation theo-
rem (50), and new techniques derived from these methods
(51) can, in principle, be used to find the relative energy differ-
ence of the initial and final states for nonequilibrium or
irreversible transitions. However, these methods typically
require statistical analysis of a large sample of transition events
and are most readily applied when the system has a single
disruption pathway that can be repeatedly measured. Because
the 1 PRF element of the CCR5 mRNA exhibits multiple
disruptionpathwayswhich themselves consist ofmultiple tran-
sitions, it is not practical to use these nonequilibriummethods.General observations
Before proceeding with quantitative analysis, we consider
some general observations for the individual disruption
FIGURE 4 Example scans of CCR5 mRNA.
Extension represents the combined length of the
single-stranded RNA and hybrid DNA/RNA han-
dles. (Black lines) Wormlike chain theory (39)
for hybrid DNA/RNA handles with and without
97 additional bases of extended single-stranded
RNA. Opening-time graphs show the same data
as the force-extension plots where opening repre-
sents the end-to-end distance of the single-
stranded RNA. Change in energy per opening
distance (dE/dx) calculated as described in de
Messieres et al. (35). (Grayscale density plot)
The accumulated dE/dx probability density from
all scans plotted on a log scale. (Colored squares)
dE/dx calculated for the single scan shown in the
force-extension graph and opening-time graph.
CCR5 mRNA Unfolding Pathways 247pathways observed. Duplex RNA or DNA typically unzips
at ~13 pN (43,52) although this depends on G-C content.
The red conformation has the lowest measured force and
dE/dx levels, usually <13 pN, and is consistent with a
conformation in which the mRNA has formed a weak
hairpin with some mismatches, such as the hairpins shown
in Fig. 2, b or c. A similar dE/dx signature is observed under
reverse scans when the molecule is allowed to fold slowly
(Fig. 6), consistent with the fact that all of the substeps
for the red pathway were observed to be reversible. In
contrast to the red conformation, the blue pathway has
significantly higher dE/dx values than would be expected
for duplex RNA, suggesting the presence of tertiary struc-
ture that provides additional stabilization. Tertiary structurecan consist of docking between helices and/or loops, or for-
mation of RNA triplex structures. All conformations were
dependent on the presence of Mg2þ (Fig. 7), providing
further evidence of higher-order structure.Substeps in the disruption pathways
To connect the disruption pathways with possible mRNA
structures, we have plotted the distribution of disruption
substeps in Fig. 8 a. In each disruption of an mRNA mole-
cule it is possible to identify a series of subdisruptions, some
of which are reversible whereas others are irreversible. We
represent each subdisruption as a point on a scatter plot,
where the x axis is the amount of mRNA already releasedBiophysical Journal 106(1) 244–252
FIGURE 5 Classification of scans. Conformation type for individual
scans was determined by testing whether dE/dx values visited one of the
three specified boxes. The choice of box location was refined by optimizing
the distribution of substeps, discussed for Fig. 8 a. Samples which visit
more than one box were assigned in the following priority: blue; yellow;
green. In particular, yellow conformations often visited the green region.
Any sample that did not visit one of the boxes was defined as red.
248 de Messieres et al.when the disruption starts and the y axis is the amount of
additional mRNA released. Blue disruptions, for example,
show a sequence of two disruptions (60.3 bases immediately
followed by 29.8 bases) resulting in two points in the scatter
plot, or may show a single disruption of ~90 bases if the time
spent in the intermediate state is too brief to be detected (see
Fig. S1 in the Supporting Material). An alternative represen-
tation in Fig. 8 b illustrates the typical disruption pathway
observed for the four conformation types, where double-
ended arrows indicate reversible steps and thinner arrows
represent transitions that occurred less frequently. A single
structure can hypothetically manifest multiple pathways in
Fig. 8 b if different parts of the structure disrupt in a
different order. In such a case, arrows appearing in
Fig. 8 b would be of similar length but appear in a differentBiophysical Journal 106(1) 244–252sequence. This does not seem to be the case in our data,
leading us to conclude that the disruption pathways are asso-
ciated with distinct folding conformations of the mRNA.
The relationship between the substep scatter plot in
Fig. 8 and the energy landscape maps in Fig. 4 provides
further evidence that the multiple pathways are distinct
conformations of the mRNA. The disruptions are classified
based on short-extension features in the energy landscape
(Fig. 5), which reflects the fluctuations of the mRNA exten-
sion before major disruptions. The fact that the subsequent
chain of disruption substeps (Fig. 8) can be predicted based
on the fluctuations that occur beforehand indicates that
the disruption pathway is determined by the initial
conformation.Identification of the pseudoknot conformation
Disruption of the high-force blue conformation increases
the extension by a length equivalent to 90 bases of sin-
gle-stranded RNA (Fig. 8). The amount of RNA bound in
the structure being disrupted must be larger than the
apparent length of sequence released, because the structure
must have a finite extension even when fully folded. A sim-
ple hairpin structure has a helix width corresponding to
approximately four bases (~2.0 nm) and other structures
would likely have equal or larger extension. Therefore
the blue conformation includes a minimum of 94 bases
of RNA and is dependent on nearly all of the 97 bases of
single-stranded RNA in the 1 PRF element, consistent
with the Pseudoknot-1 structure shown in Fig. 2 a. To
further test the dependence on the full 1 PRF element
sequence, we introduced 20-base DNA oligos complemen-
tary to either end of the mRNA sequence. The results
(Fig. 9, details in Fig. S2) demonstrate that blocking either
end of the mRNA depletes the blue pathway, consistent
with the Pseudoknot-1 structure (Fig. 2 a). In contrast,
the high-force green conformation was suppressed when
blocking the first 20 bases (50 end) but not when blocking
the last 20 bases (30 end). The RNA released by green
before reaching the first resistance to disruption (Fig. 4 b
and Fig. 8) is therefore released from the 30 rather than
the 50 end. Green represents a structure that does notFIGURE 6 Decreasing force scan in the same
format as Fig. 4. The dE/dx log density plot shows
the accumulation of several measured folding
paths that are similar although not identical to
the unfolding pathway for red shown in Fig. 4 d.
FIGURE 7 Mg2þ dependence. The relative distribution of the conformations is dependent on Mg2þ levels. (a) 0 mM Mg2þ; (b) 5 mM Mg2þ; (c) 20 mM
Mg2þ. All data taken with 20 mM Tris pH 8.0 and 50 mM NaCl.
CCR5 mRNA Unfolding Pathways 249incorporate the last 20 bases, such as Pseudoknot 2 or
Pseudoknot 3 shown in Fig. 2, d or e.
This indicates that the green structure would also provide
a strong barrier to a ribosome positioned on the slippery site,
which would approach from the 50 end of the mRNA. The
pattern of substeps for the low-force red conformationFIGURE 8 Substeps of the disruptions. (a) An alternate view of the dE/
dx data in Fig. 2. Each disruption path is composed of one or more substeps,
plotted where x is the initial opened bases and y is the change in bases for
that substep. Legend shows the percentage of 409 total scans for each
conformation type. (b) (Wide arrows) Dominant behavior of the disruptions
plotted in panel a. (Numbers) How many bases were released for the given
substep on average. (Double-ended arrows) Substeps that were observed to
be reversible. (Thinner arrows) Substeps observed with lower frequency.changed when blocking the first 20 bases (50 end) but not
the last 20 bases (see Fig. S2). Red is therefore more consis-
tent with Hairpin 1 (Fig. 2 b), which does not include the last
20 bases, rather than Hairpin 2 (Fig. 2 c), which does include
the last 20 bases. A prevalence of Hairpin 1 over Hairpin 2 is
not unexpected because Hairpin 1 (29.0 kcal/mol) is pre-
dicted to be more stable than Hairpin 2 (25.6 kcal/mol),
determined by the web server MFOLD (45). Yellow was
relatively rare and did not have adequate statistics for us
to investigate its response to blocking. However, it shows
high dE/dx values at partial extension, suggesting significant
tertiary structure that does not involve the full sequence of
the1 PRF element. It is possible that yellow is either Pseu-
doknot 2 or Pseudoknot 3, both of which do not incorporate
the full 97 bases (Fig. 2, d or e). We did not find evidence
that any of the four disruption pathways corresponds to
disruption of Hairpin 2.FIGURE 9 (a) The fraction of time that the CCR5 mRNA occupies the
four conformations defined in Fig. 4, in the presence of DNA oligos that
bind to various parts of the structure. Occupancy is shown for the control
set, and with 1 nM concentration of DNA oligos complementary to the first
20 bases and the last 20 bases of the CCR5 mRNA. The number of events
for each case is shown above the corresponding stacked bar graph.
Biophysical Journal 106(1) 244–252
FIGURE 10 Comparison with predicted structures. We compare the two
hairpins from Fig. 2, b and c, and plot the free energy for disruption given
by MFOLD (45). (Blue and red dashed vertical lines) Last transition points
observed for the blue and red conformation described in Fig. 8. To see this
figure in color, go online.
250 de Messieres et al.One of the two hairpins (Fig. 2, b and c) may represent the
final disruption pathway of the 1 PRF element, regardless
of whether a pseudoknot initially formed. Fig. 10 shows the
energy of the two hairpins as a function of the number of ba-
ses of free RNA, as determined by MFOLD (45). Only the
final stage of disruption is shown, representing hypothetical
disruption pathways after ~55 bases of RNA have been
released. In the blue conformation, there is a pause in the
disruption at 67 bases of free RNA (Fig. 8) and we expect
this to correspond to a local minimum in the energy func-
tion. Examination of Fig. 10 shows that the blue substep
at 67 bases coincides with a local minimum for Hairpin 2,
but is not compatible with Hairpin 1 where a local maximum
occurs. The red, green, and yellow pathways in Fig. 8 show
a tendency to dwell at 76 bases of free RNA and this corre-
sponds to a broad energy minimum for Hairpin 1. Therefore,
the reversible transition exhibited by the other pathways is
more compatible with Hairpin 1. Blue has high dE/dx values
consistent with tertiary structure (Fig. 4 a), depends on the
full 1 PRF sequence (Figs. 8 and 9), and completes its
disruption along a path more consistent with Hairpin 2
than Hairpin 1 (Fig. 10); these three features make the
blue conformation consistent with the Pseudoknot 1 struc-
ture in Fig. 2 awhere the first stem corresponding to Hairpin
1 (Fig. 2 b) disrupts before the second stem corresponding toTABLE 1 For each color disruption pathway the structural identific
established the association
Color Structure
Blue Pseudoknot 1 High dE
Green Pseudoknot 2 or 3 High dE/dx ind
Red Hairpin 1 Low dE/dx co
Blue final disruption Hairpin 2 Final stage disru
Red, green, or yellow
final disruption
Hairpin 1 Final stage disruption of
Biophysical Journal 106(1) 244–252Hairpin 2 (Fig. 2 c). Hairpin 1 occupies the 50 end of the 1
PRF element, the side from which the ribosome approaches,
which suggests that the disruption pathway in the optical
trap experiments is closely related to the ribosome-driven
disruption pathway. The observations and conclusions
described in this section are summarized in Table 1.Folding times and intermediate states
Between scans, the force was rapidly dropped to zero by
raising the stage, then held at zero for various relaxation
times, allowing the mRNA time to refold. The occupancies
of the various conformations are expected to depend on both
the rate at which the force is decreased and the amount of
time the molecule is given to refold (53). The occupancies
are strongly dependent on refolding time, which provides
further evidence that the different disruption pathways
reflect different initial conformations, rather than different
disruption pathways of the same initial conformation
(Fig. 11). Blue initially has low occupancy but becomes
the dominant conformation after ~30 s of relaxation time.
Green initially has high occupancy, which decreases at
approximately the same rate that blue increases, suggesting
green is a folding intermediate of blue. The red and yellow
pathways vary slowly with refolding time, suggesting they
are long-lived alternate conformations or that they are in
equilibrium with the other observed conformations.CONCLUSION
We have demonstrated what we believe to be new analytical
techniques for classifying and interpreting single-molecule
experiments based on the dE/dx footprint. These techniques
provide an energy signature for identifying disruption path-
ways and classifying individual disruptions, even when the
full energy landscape cannot be measured. We find that
the CCR5 mRNA occupies an ensemble of relatively stable
conformations and by comparing the single molecule data
with predicted mRNA structures, we have been able to asso-
ciate well-defined disruption pathways with specific confor-
mations of the CCR5 mRNA. The blue pathway, which
presents the strongest resistance to disruption, is consistent
with a predicted pseudoknot structure where the stem closer
to the 50 end disrupts first. Upon refolding, the mRNA canation is shown, as well as a summary of the observations that
Observations
/dx indicates tertiary structure; all 97 bases incorporated
icates tertiary structure; sensitive to 50 blocking, not 30 blocking
nsistent with a hairpin; sensitive to 50 blocking, not 30 blocking
ption of blue pathway corresponds to MFOLD profile of Hairpin 2
red, green or yellow pathway corresponds to MFOLD profile of Hairpin 1
FIGURE 11 (a) Folding kinetics of the four con-
formations. The CCR5 mRNA structure was
relaxed at 0 force for the specified time and the dis-
tribution of the four conformations shown in Fig. 4
was measured. Data were fit with exponential
decay functions as a visual guide. (b) A cartoon
illustrating the proposed folding pathway. The
red state is stable, but a pseudoknot incorporating
the 50 portion of the sequence (green) is replaced
by a pseudoknot (blue) incorporating the full
sequence. To see this figure in color, go online.
CCR5 mRNA Unfolding Pathways 251become trapped in an intermediate conformation (i.e.,
green) for ~30 s, but the high-force conformation (i.e.,
blue) dominates after long equilibration time. A structure
which folds and unfolds reversibly (i.e., red) seems to be a
persistent alternate conformation. The strong resistance to
disruption of the pseudoknot structure as well as the fact
that the mRNA sequence can occupy an ensemble of rela-
tively stable conformations may be important for the frame-
shifting mechanism.SUPPORTING MATERIAL
Twofigures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(13)01084-9.
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